Background: Recent research has uncovered tumor suppressive and oncogenic potential of miRNAs. Results: miR-941 expression is regulated by DNA methylation, and is an important regulator of cell proliferation, migration, and invasion by directly targeting KDM6B in hepatocellular carcinoma (HCC). Conclusion: miR-941 may play an important role in suppressing tumor growth and metastasis in HCC. Significance: miR-941 may provide a potential biomarker for the diagnosis and treatment of HCC.
MicroRNAs (miRNA) 4 are small, non-coding RNAs of ϳ22 nucleotides in length that are endogenously expressed and regulate gene expression by binding to the 3Ј untranslated regions (UTRs) of target genes. miRNA binding leads to translational repression or mRNA degradation (1) . miRNAs can function as tumor suppressors or oncogenes by targeting oncogenes or tumor suppressor genes, respectively (2) . There is increasing evidence indicating that miRNAs exist in many types of cancers (3) (4) (5) , including hepatocellular carcinoma (HCC) (6, 7) . HCC is one of the most common malignant tumors with a poor prognosis and is the third leading cause of cancer-related death in the world (8) . The rapid proliferation of cancer cells and their ability to migrate to other tissue sites leads to poor clinical outcomes (9) . Our understanding of the clinical pathogenesis of HCC is limited, which hinders the development of effective treatment methods. Research has focused on elucidating the molecular pathogenesis of HCC, which is critical for indentifying novel molecular targets. Recent studies have reported that miRNAs such as miR-490 -3p (9) , miR-21 (10) , miR-10a (6) , and miR-519d (11) are associated with HCC. The epithelial to mesenchymal transition (EMT) is an important cellular phenotypic change in which polarized, immotile epithelial cells acquire the motile mesenchymal phenotype. EMT is regulated by miRNAs (12, 13) that promote tumor invasion and metastasis and allow tumor cells to escape apoptosis (14) .
Aberrant miRNA expression can be regulated by many factors, including chromosome modification. DNA methylation is one of the most important chromosome modifications involved in the aberrant epigenetic profile in cancer. Recent evidence indicates that methylation may play a role in the regulation of tumor malignancy (15, 16) and the silencing of several miRNAs is intimately linked to the epigenetic mechanisms of DNA methylation. Furthermore, the aberrant methylation of CpG islands is an event frequently observed in the process of tumorigenesis (17) (18) (19) .
Our previous work indicated that miR-941 in HepG2 cells treated with 5-azacytidine (an inhibitor of DNA methyltransferase) was up-regulated compared with control cells by miRNA microarray analysis (data not shown), thus, miR-941 was chosen for further study. Here, we determined that miR-941 was significantly down-regulated in HCC tissues and influenced the phenotypes of QGY-7703 and HepG2 cells. CpG islands are present in the upstream region of the miR-941 gene, therefore, we performed bisulfite sequencing analysis and demonstrated that miR-941 down-regulation may be caused by epigenetic inactivation. Furthermore, we also identified that miR-941 regulated the expression of KDM6B via directly binding to its 3Ј UTR. KDM6B belongs to a small family of JmjC domain containing enzymes that mediate the demethylation of H3K27 trimethyl groups (20 -23) . Many miRNAs, including miR-138, miR-148a, miR-185, and miR-339-5p, had been reported to decrease KDM6B expression by targeting the 3Ј UTR and increasing H3K27 methylation (24) . Our findings indicated that miR-941 was influenced by methylation and functioned as a tumor suppressor by regulating KDM6B. Both miR-941 and KDM6B were involved in the EMT process.
EXPERIMENTAL PROCEDURES
Vector Constructions-Pri-miR-941 (the fragment containing the precursor of the miR-941) was amplified using the primers shown in Table 1 and then cloned into the BamHI/EcoRI restriction sites of pcDNA3. The resulting construct was confirmed by DNA sequencing. miR-941 antisense oligonucleotide (ASO-miR-941) was used as the inhibitor of miR-941 and ASO-NC was used as its control.
To construct the enhanced green fluorescent protein (EGFP) reporter plasmid, the EGFP coding region from the pEGFP-N1 vector was subcloned into pcDNA3 using HindIII and BamHI. Wild-type or mutant forms of the KDM6B mRNA 3Ј UTR were inserted into the downstream region of the pcDNA3/EGFP vector.
The pSilencer/shR-KDM6B vector was constructed by annealing the top and bottom strands of hairpin RNA and inserting them into the pSilencer2.1 neo vector (Ambion). All the oligonucleotides used are shown in Table 1 .
Cell Culture and Treatment-The HepG2, Hep3B, SK-Hep-1, PLC-PRF-5, and LM6 HCC cell lines were grown in ␣-minimal essential medium (Invitrogen), QGY-7703 cells were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10 -20% FBS, 100 IU/ml of penicillin, and 100 mg/ml of streptomycin. All the cells were incubated in a humidified atmosphere with 5% CO 2 at 37°C. The transient transfections were performed using Lipofectamine TM 2000 (Invitrogen).
For the 5-aza-CdR (Sigma) treatments, the cells were seeded into 25-cm 2 culture flasks at a density of 5 ϫ 10 5 cells/flask and cultured with 5 (QGY-7703) or 10 mol (HepG2) of 5-aza-CdR. The drug-containing medium was changed every 24 h. After 72 h of treatment, the cells were harvested for genomic DNA and total RNA extraction for use in the subsequent experiments.
To select a pool of QGY-7703 clones, cells were placed into cell culture flanks (250 ml) containing G418 (Geneticin, 1 mg/ml or 500 g/ml) for 24 h after transient transfection with the miR-941 or pcDNA3 vectors. The medium was changed every 3 days. On day 12, there were numerous G418-resistant colonies. Total RNA was extracted and used for qRT-PCR analysis. We obtained transformed cells that were resistant to G418.
Human Tissue Samples and RNA Isolation-Human HCC and adjacent non-tumor liver tissues were collected from the Tumor Bank Facility of Cancer Center, Sun Yat-sen University. All samples were obtained with informed consent from the patients, and this study was approved by the Ethics Committee of Tianjin Medical University. RNA was isolated from tissue samples with the mirVana miRNA Isolation Kit (Ambion, Austin, TX) according to the manufacturer's protocol.
Genomic DNA Extraction and Bisulfite Treatment-Genomic DNA was extracted from the HCC cell lines or clinical HCC tissue specimens according to the Kit instructions (Biotete Corp.). The bisulfite treatment was performed according to the EZ DNA Methylation-Direct Kit protocol (Zymo Research, Orange, CA).
DNA Methylation Analysis-The miRNA sequences were analyzed using miRBase and the University of California at Santa Cruz Human Genome Browser. The bisulfate primers used in this study were designed using MethPrimer (25) .
Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)-Stem-loop quantitative RT-PCR was performed to detect miR-941. Briefly, 2 g of small RNA extracted from cells or tissue samples was reverse transcribed to cDNA using a stem-loop RT primer with Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI). cDNA was used to amplify miR-941, and endogenous U6 snRNA was used as the internal control. The PCR cycling parameters were as follows: 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s.
To quantitate KDM6B expression, 5 g of large RNA extracted from cells or tissue samples was reverse transcribed 
to cDNA using Molony murine leukemia virus reverse transcriptase. The cDNA was used to amplify KDM6B as well as the ␤-actin endogenous control. The PCR cycling parameters were as follows: 94°C for 3 min followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. The PCRs were performed using SYBR Premix Ex Mix Taq TM (TaKaRa, Dalian, China) on an iQ5 Real-Time PCR Detection System (Bio-Rad). The relative gene expression levels were calculated with the 2 Ϫ⌬⌬Ct method Western Blot Analysis-Cells were transfected and then lysed with RIPA lysis buffer. Protein lysates were resolved by SDS-PAGE (polyacrylamide) and then transferred onto a nitrocellulose membrane. The membranes were incubated with blocking buffer (Blotto) for 90 min at room temperature and then with antibodies against KDM6B, E-cadherin, vimentin, or GAPDH overnight at 4°C. Subsequently, the membranes were washed and incubated with a HRP-conjugated secondary antibody. Protein expression was analyzed by enhanced chemiluminescence and exposure to chemiluminescent film. The band intensities were quantified using Lab Works Image Acquisition and Analysis Software (UVP). The E-cadherin and vimentin antibodies were purchased from Tianjin Saier Biotechnology (Tianjin, China), and the KDM6B antibody was purchased from Millipore Biotechnology (Millipore).
Fluorescent Reporter Assay-Cells were co-transfected with pri-miR-941 or pcDNA3, and ASO-miR-941 or control oligonucleotides in a 48-well plate along with the reporter vector pcDNA3/EGFP-KDM6B 3Ј UTR or the mutated KDM6B 3Ј UTR. The RFP expression vector pDsRed2-N1 (Clontech) was used for normalization. The EGFP and RFP fluorescent intensities were detected with Fluorescence Spectrophotometer F-4500 (HITACHI, Tokyo, Japan).
MTT and Colony Formation Assays-Twenty-four hours after transfection, the cells were seeded into 96-well plates at a density of either 7,000 cells/well (QGY-7703) or 10,000 cells/ well (HepG2). An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to determine cell viability 48 h after transfection. The absorbance at 570 nm was measured using a Quant Universal Microplate Spectrophotometer (BioTek, Winooski, VT).
For colony formation assays, the cells were counted and seeded at a density of either 150 cells/well (QGY-7703) or 700 cells/well (HepG2) in 12-well plates in triplicate. The culture medium was changed every 3 days. Colonies were counted only if they contained more than 50 cells, and the number of colonies was counted at either 6 (QGY-7703) or 15 (HepG2) days after seeding. The colonies were stained using crystal violet, and the colony formation rate was calculated using the following equation: colony formation rate (%) ϭ (number of colonies/number of seeded cells) ϫ 100%.
Migration and Invasion Assays-For the transwell migration assays, 6 ϫ 10 4 QGY-7703 or 1.5 ϫ 10 5 HepG2 cells in 0.2 ml of RPMI 1640 or ␣-minimal essential medium without FBS were seeded into the upper part of each Transwell chamber (Transwell filter inserts with a pore size of 8 m; Corning) with a non-coated membrane. For the invasion assays, 6 ϫ 10 4 QGY-7703 or 1.5 ϫ 10 5 HepG2 cells were placed on the upper chamber of each insert coated with 40 l of 2 mg/ml of Matrigel (growth factor-reduced BD Matrigel TM matrix). In the lower part of the chamber, 0.8 ml of RPMI 1640 or ␣-minimal essential medium with 20% FBS was added. After incubating for several hours (12 h for QGY-7703 and 48 h for HepG2 in the migration assays and 24 h for QGY-7703 and 72 h for HepG2 in the invasion assays), the upper surface of the membrane was wiped with a cotton tip, and the cells that were attached to the lower surface were stained for 20 min with crystal violet. Images were acquired from three different regions. The mean of triplicate assays for each experimental condition was reported.
In Vivo Metastasis Assays-To assess in vivo metastasis, 3 ϫ 10 6 QGY-7703 cells (stably transfected with miR-941 and pcDNA3) were suspended in 40 l of serum-free RPMI 1640/ Matrigel (1:1) for each mouse. Each nude mouse was inoculated in the upper pole of the spleen with a microsyringe under anesthesia. After 24 days, the mice were sacrificed, and their spleens and livers were harvested. The tissues were fixed with phosphate-buffered neutral formalin. All the studies were performed according to the American Association for the Accreditation of Laboratory Animal Care guidelines for the humane treatment of animals and adhered to national and international standards. Table 2 .
Immunofluorescence Staining-Transfected QGY-7703 cells were seeded into 14-well plates. After 24 h, the cells were rinsed with 1 ϫ PBS, fixed with paraformaldehyde, and blocked with 10% normal donkey serum. The cells were then incubated with a primary antibody (KDM6B, rabbit). A FITC-conjugated goat anti-rabbit IgG secondary antibody was used to detect the primary antibody. The cell nuclei were labeled with DAPI. All the images were captured using a fluorescence microscope (model Eclipse 660, Nikon, Japan) and a digital camera (ACT-2U, Nikon, Japan) with the NIS Element FW software package.
Immunohistochemical Staining-All of the tissue samples were fixed in phosphate-buffered neutral formalin and embedded in paraffin, finally cut into 5-m thick sections. Sections were soaked in hydrogen peroxide/phosphate-buffered saline for 30 min and incubated with a primary antibody against KDM6B, E-cadherin, and vimentin at a 1:100 dilution overnight at 4°C. Detection of the primary antibody was performed by goat anti-rabbit HRP for 1 h at room temperature and visualized with DAB substrate.
Statistical Analysis-The data are presented as the mean Ϯ S.D. The statistical analyses were performed using a paired Student's t test. A p Ͻ 0.05 was considered statistically significant. One representative experiment is presented for experiments performed in duplicate or triplicate.
RESULTS

miR-941 was Down-regulated in Human HCC Tissues and
Cells-We used qRT-PCR to determine the miR-941 expression level in 15 pairs of HCC and adjacent non-cancerous tissues, miR-941 was significantly down-regulated in HCC tissues compared with the adjacent normal tissues (Fig. 1A) . We detected miR-941 expression in the LO2 immortalized normal liver cell line and HCC cell lines (QGY-7703, HepG2, Hep3B, SK-Hep-1, PLC-PRF-5, and LM6), miR-941 was down-regulated in HCC cells compared with LO2 cells (Fig. 1B) .
miR-941 Expression Was Regulated by DNA Methylation in HCC-We investigated whether the down-regulation of miR-941 expression in human HCC tissues and cell lines was caused by an epigenetic mechanism such as DNA methylation. CpG islands are located in the promoter region of miR-941, which is embedded in intron-1 of DNAJC5 at chromosome 20q13.3. One CpG-rich island is within 500 bp of miR-941, and its upstream region was found using MethPrimer with the default criteria ( Fig. 2A) . First, we analyzed the DNA methylation status of the miR-941 gene in 10 pairs of HCC tumor and adjacent non-cancerous tissues, the DNA methylation status of each of the 10 CpGs was determined by bisulfate analysis. Data indicated that the unmethylated CG sites in adjacent non-tumor tissues were higher than HCC tissues (Fig. 2B) . Then, we examined methylation in the HCC cell lines. As shown in Fig. 2C , the CpG island was highly methylated in QGY-7703 and HepG2 cells, but poorly methylated in LO2 cells. The expression of miR-941 was determined by qRT-PCR after the cells were treated with 5-aza-CdR. Compared with the controls, miR-941 expression was significantly up-regulated in QGY-7703 (19.33-fold) and HepG2 (7-fold) cells (Fig. 2E) . The methylation frequency decreased from 98.3 to 68.3% in QGY-7703 cells and from 96.7 to 71.7% in HepG2 cells. The methylation frequency in LO2 cells was 36.7% (Fig. 2D) . The primers for genomic bisulfite sequencing are shown in Table 2 . These results indicated that miR-941 down-regulation in HCC cells and tissues may be regulated by DNA methylation.
miR-941 Suppressed in Vitro Cell Proliferation, Migration, and Invasion and in Vivo HCC Metastasis-We constructed the miR-941 expression plasmid (pcDNA3/pri-miR-941) and used antisense oligonucleotides (ASO) to inhibit miR-941 to investigate the in vitro roles of this particular miRNA. As shown in Fig. 3A , miR-941 expression in cells transfected with pri-miR-941 was up-regulated 8.9-fold, whereas transfecting with ASO-miR-941 decreased the expression by almost 65%. We performed MTT, colony formation, cell migration, and invasion assays using QGY-7703 and HepG2 cells. The MTT assays demonstrated that cell viability was significantly inhibited by 22 and 20% in pri-miR-941-transfected QGY-7703 and HepG2 cells, respectively. However, compared with control cells, ASO-miR-941 increased cell viability (Fig. 3B) . The colony formation assays showed that pri-miR-941 suppressed colony development and that ASO-miR-941 increased colony formation compared with the respective control groups in QGY-7703 and HepG2 cells (Fig. 3C) .
The migration of pri-miR-941 cells was decreased by ϳ42 and 56%, conversely, the migration of ASO-miR-941 cells was increased by ϳ1.8or 1.7-fold in QGY-7703 and HepG2 cells, respectively (Fig. 3D) . The invasion capability of ASO-miR-941 cells increased 1.9-or 1.8-fold, whereas invasion was decreased by 49% in pri-miR-941 QGY-7703 cells and 58% in pri-miR-941 HepG2 cells (Fig. 3E) .
We next explored the role of miR-941 in HCC metastasis in vivo. Using G418 screening, we obtained pooled QGY-7703 cells (QGY-7703/miR-941 cells) that stably expressed higher levels of miR-941 based on qRT-PCR ( Fig. 3F ). QGY-07703/miR-941 cells or empty vector control pooled clones of QGY-7703/pcDNA3 cells were transplanted into the upper pole of the spleen of nude mice. After 24 days, the spleens and livers were harvested. The average number of metastatic nodules in the liver was dramatically decreased by 62.6% in mice with tumors ectopically expressing miR-941, compared with the control group (Fig. 3G ). The miR-941 level of metastatic nodules in liver was detected in Fig. 3H . Representative primary splenic tumors and intrahepatic metastatic nodules were stained with hematoxylin-eosin, the normal liver and spleen tissues were also shown as controls (Fig. 3I) . Additionally, the protein levels of KDM6B in HCC tissues were analyzed using immunohistochemical staining. Strong staining of tissues with controls rather than overexpression of miR-941 was observed (Fig. 2J) .
miR-941 Bound Directly to the KDM6B 3Ј UTR and Negatively Regulated KDM6B Expression at the Post-transcriptional
Level in HCC Cells-To identify specific targets of miR-941, we used Target-Scan, PicTar, and miRBase to predict potential tar- 
get genes. We chose KDM6B as a candidate gene and identified miR-941 complementary binding sites in the 3Ј UTR of KDM6B mRNA (Fig. 4A ). The KDM6B 3Ј UTR fragment was cloned, and another vector was constructed with 5 mutations in the seed sequence of the KDM6B 3Ј UTR. As shown in Fig. 4B , the EGFP intensity was reduced by pri-miR-941 and enhanced by ASO-miR-941 when the wild-type KDM6B 3Ј UTR was present. However, neither overexpressed nor down-regulated miR-941 had an effect on EGFP fluorescence in cells transfected with the mutant 3Ј UTR vector (Fig. 4C) . Additionally, qRT-PCR (Fig. 4D ), immunofluorescence staining (Fig. 4E) , and Western blot ( Fig. 4F) revealed that miR-941 overexpression markedly inhibited endogenous KDM6B mRNA and protein expression, and inhibiting miR-941 expression increased KDM6B mRNA and protein expression. These results demonstrated that miR-941 bound directly to the 3Ј UTR of KDM6B and negatively regulated endogenous KDM6B expression at both the mRNA and protein levels. KDM6B mRNA levels were measured in 15 paired clinical specimens, and up-regulated in diseased tissue compared with the corresponding normal tissue (Fig. 4G) . Consistently, KDM6B was more highly expressed in human HCC cell lines (QGY-7703, HepG2, Hep3B, SK-Hep-1, PLC-PRF-5, and LM6) than in the LO2 non-cancerous liver cell line (Fig. 4H) .
KDM6B Affected Cell Viability, Migration, and Invasion of HCC Cells-The pSilencer/shR-KDM6B (shR-KDM6B) plasmid was constructed to knockdown KDM6B expression. The immunofluorescence staining (Fig. 5A) and Western blot (Fig.  5B ) analysis indicated that KDM6B protein expression was reduced in shR-KDM6B-transfected HCC cells. Furthermore, the qRT-PCR analysis demonstrated that KDM6B was downregulated by 60% in QGY-7703 cells and 55% in HepG2 cells (Fig. 5C) . The MTT and colony formation assays indicated that inhibition of KDM6B decreased cell viability and growth but overexpression of KDM6B improved cell viability (Fig. 5D ) and colony formation (Fig. 5E ), compared with the controls. Furthermore, inhibiting KDM6B significantly decreased cell migration (Fig. 5F ) and invasion (Fig. 5G) . KDM6B overexpression significantly increased migration and invasion in QGY-7703 and HepG2 cells. Cumulatively, the results suggested that KDM6B plays a role in cell proliferation, migration, and invasion and that its functions are opposite those of miR-941.
miR-941 Repressed HCC Cell Migration and Invasion through a KDM6B-dependent EMT Process-Because miR-941 and KDM6B affected cell migration and invasion, we aimed to determine which pathway mediated the metastatic properties of HCC cells. In this study, we noticed a striking change in cellular shape. An initial spindle and fibroblast-like spindle were observed to switch to the cobblestone appearance of epithelial cells when overexpression of miR-941 and the opposite changes were found with overexpression of KDM6B (Fig. 6A) . We examined localization of the adherent and tight junction marker E-cadherin and the mesenchymal marker vimentin in transfected QGY-7703 cells. Western blotting indicated that E-cadherin was up-regulated (Fig. 6B) , and vimentin was downregulated when miR-941 was overexpressed. The opposite results were observed when KDM6B was overexpressed (Fig.  6C ). qRT-PCR was performed to quantitate expression of tran- scription factors SNAIL1 and SLUG, which promote EMT. The results indicated that overexpression of miR-941 reduced SNAIL1 expression by 67% and SLUG expression by ϳ50%. Conversely, overexpression of KDM6B elicited the opposite results (Fig. 6, D and E) . Additionally, the protein levels of E-cadherin and vimentin in tissues were analyzed using immunohistochemical staining. Overexpression of miR-941 showed strong staining of E-cadherin and weak staining of vimentin compared with control groups (Fig. 6F ). Therefore, these results suggested that miR-941 and KDM6B regulated the migratory and invasive behavior of HCC cells via the EMT process.
KDM6B Restoration Counteracted the Effects of miR-941 in HCC Cells-We used the KDM6B overexpression vector without the 3Ј UTR to avoid miRNA interference and determine whether miR-941 regulated cell proliferation, migration, and invasion by targeting KDM6B. We observed that the reductions in cell viability (Fig. 7A ), colony formation (Fig. 7B) , migration (Fig. 7C ), and invasion ( Fig. 7D ) resulting from miR-941 overexpression were rescued by restoring KDM6B expression in QGY-7703 and HepG2 cells. Taken together, our results suggested that KDM6B overexpression counteracted the effects of miR-941 on cell proliferation, migration, and invasion. These results suggested that miR-941 exerts its activity by regulating KDM6B expression.
DISCUSSION
miRNAs are dysregulated in various cancers and are defined as tumor suppressors or oncogenes (2) . Numerous factors, including transcriptional regulation and chromosome modification, lead to the dysregulation of miRNAs. DNA methylation is one form of chromosome modification that stably maintains diverse cell characteristics in different tissues but does not alter the primary DNA sequence (26) . An increasing number of reports have shown that aberrant methylation of promoter CpG islands inactivates tumor suppressor genes, this has been reported to occur in HCC (27, 28) . Although miR-941 was identified several years ago, there are no literature reports investigating the underlying mechanisms of action of this miRNA or its role in HCC. In this study, we demonstrated that the suppression of miR-941 expression in HCC is at least partly mediated by DNA hypermethylation. We discovered that miR-941 was significantly down-regulated in HCC tissues and cell lines and that the CpG island upstream of miR-941 was highly methylated in cancer cells. Additionally, the methylation frequency decreased and the expression of miR-941 increased after the cells were treated with a DNA demethylating agent (5-aza-CdR). The miR-941 methylation levels were higher in tumor tissues than in adjacent normal tissues. Collectively, the results suggested that methylation was an important mechanism for miR-941 down-regulation in HCC. miRNAs affect cell processes by regulating target gene expression. Approximately 60% of human genes are believed to be miRNA targets (29) . Combining bioinformatics-based predictions and the resulting candidate functions of miR-941 in HCC cells, we found that KDM6B had the highest recurrence rate and contained a miR-941 binding site in its 3Ј UTR. Furthermore, miR-941 directly and negatively regulated KDM6B gene expression at both the mRNA and protein levels via binding sites in the 3Ј UTR.
KDM6B (formerly JMJD3) belongs to the histone lysine demethylase (KDM) family. Research investigating the function of KDMs, including LSD1 and the family of JmjC domain-containing enzymes, has become popular. Several KDMs have been implicated in development, differentiation, and stem cell renewal and have been intimately linked to cancers (30 -32) . KDM6B specifically demethylates Lys-27 of histone H3 tri-and dimethyl (me3/2) repressive chromatin marks (20 -23) and has been implicated in the regulation of several 1,25(OH) 2 D 3 target genes, such as CDH1/E-cadherin and CST5/cystatin D, in human colorectal carcinoma (33) . Moreover, KDM6B plays a critical role in the terminal differentiation of neural stem cells, dermal keratinocytes, and antigen-driven B cells. It also plays a central role in the regulation of posterior development by modulating HOX gene expression and is involved in inflammatory responses via its participation in macrophage differentiation (20, 23, 34) . KDM6B is induced upon activation of the RAS-RAF signaling pathway in diploid fibroblasts (35, 36) . Previous studies have shown that KDM6B is a potential tumor suppressor. The KDM6B gene is located at chromosome 17p13.1 within 0.15 Mb of TP53, The genetic loss of TP53 and KDM6B occurs in various human cancers. As a result, it is difficult to distinguish whether these deletions confer an advantage to the tumor or are a by-product of TP53 deletions. However, the genetic lesion is rather poorly correlated with mutations in TP53 (35) . Deregulation of JMJD3 may contribute to gliomagenesis by inhibiting the p53 pathway with obstruction by terminal differentiation (37) . Thus, KDM6B may be a tumor suppressor gene. Conversely, KDM6B overexpression may have oncogenic activity. The H3K27-specific demethylase KDM6B is overexpressed in HPV16 E7-expressing primary human epithelial cells, and the depletion of KDM6B inhibits the proliferation of CaSki cervical cancer cells (38) . Moreover, KDM6B expression is low in benign prostate but is up-regulated in prostate cancer and is highly expressed in metastatic prostate cancer (39) . Certain reports have demonstrated that KDM6B expression can be modulated by Epstein-Barr virus in Hodgkin lymphoma (40) . KDM6B is highly expressed in ER-dependent breast cancer cells (41) and in primary renal cell carcinoma (42) . Here, we determined that KDM6B depletion suppressed cell proliferation, migration, and invasion in HCC cells (Fig. 5, D-G) , which is consistent with the oncogenic model.
The EMT is important for tumor invasion and metastasis. Several recent studies have identified the miR-200 family and miR-205 as key regulators of EMT (43) . We speculated that miR-941 and KDM6B were involved in the EMT process in HCC. In this study, the induction of EMT was evidenced by the increased expression of the mesenchymal marker vimentin and decreased expression of the epithelial marker E-cadherin (44) . The SNAIL1 and SLUG transcription factors that are associated with EMT (45-47) contribute to regulation of vimentin expression and inhibiting E-cadherin either directly or indirectly (48) . As expected, the up-regulation of miR-941 suppressed transition from an epithelial to a mesenchymal phenotype, and KDM6B increased cell migration and invasion by mediating the EMT process. It has been reported that KDM6B inhibits EMT inducers SNAIL1 and ZEB1 and promotes E-cadherin expression in colon cancer by regulating vitamin D signaling (33) . Conversely, another report demonstrated that KDM6B increased the expression of mesenchymal genes during TGF-␤-induced EMT in mammary epithelial cells by stimulating SNAIL1 expression (49) . This result is consistent with our findings in HCC. Therefore, the discrepancies between these two studies might be due to the differential action of KDM6B in various cancer types and/or signaling mechanisms.
In summary, we identified miR-941 down-regulation in HCC tissues and cell lines and determined that miR-941 expression was inversely correlated with the level of miR-941 methylation. miR-941 functioned as a tumor suppressor gene that inhibited cell proliferation, migration, and invasion in vitro and in vivo and suppressed EMT in HCC cell lines. The functions of miR-941 were at least partially caused by down-regulation of KDM6B expression. Understanding the relationship between aberrant miR-941 methylation and its target gene KDM6B will provide insight into the molecular mechanism of HCC carcino-genesis and may be valuable for the development of future HCC diagnostics and therapeutics.
